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ABSTRACT
Distributed generation networks including micro grids benefit from solar cells that are
controlled by dc-dc converters. In this research a nonlinear discrete-time model for a buck
converter tied to a solar system is derived with unknown internal dynamics. Then, adaptive
neural network (NN) controller is employed to enhance stability of dc-dc converter connected to
grid-tie inverter (GTI) in the presence of power system disturbances. The NN weights are tuned
online by using a novel update law. By using Lyapunov techniques, all signals can be shown to
be uniformly ultimately bounded (UUB). In addition, the interaction of the converter with the
GTI is investigated to assure stability of the entire interconnected system while the GTI is
controlled via a novel stabilizer similar to power system stabilizer (PSS). The proposed nonlinear
discrete-time converter controller along with the GTI, equipped with PSS, is simulated in Matlab
Simulink environment. The results have highlighted the effectiveness of the proposed modeling
and controller design.

iv

CHAPTER 1
INTRODUCTION
1.1

Introduction
Increasing electricity demands, environmental pollution due to the widespread utilization

of fossil fuels and the limited resources of oil and gas are among the serious concerns in recent
years. Therefore, renewable distributed generation including solar, hydro, biogas, biomass and
wind, has attracted significant attention since it offers a potential solution to these problems.
Among the renewable resources, the photovoltaic (PV) power generation systems are becoming
ubiquitous due to their simple and noiseless operation as well as availability of solar power.
However, the output electric characteristics of the solar cells are highly nonlinear rendering its
power very sensitive to the output voltage [1],[2]. For maximum utilization efficiency, it is
necessary to match the PV generator output voltage to that of the load such that the operating
points of the PV generator and load coincide (preferably at the maximum power point (MPP) of
PV.) In order to adjust the operating point of the PV generator, a dc-dc converter is incorporated
to the system as an interface between the solar array and the GTI connecting the solar array to
the power network. As the PV generator and the GTI interact with each other, due to their
inherent non-linearity and lack of inertia, the system is potentially subject to oscillations
resulting from network disturbances [3], etc. These properties have been taken into account in
this research through modeling and control of the dc-dc converter and GTI.
1.2

Research Objective
The power system comprised of synchronous and renewable generators is considered in

this research where GTIs are used to interface the renewable energy sources to the grid in order
to control the delivered power.
1

In this work a nonlinear discrete-time model for a solar-system-connected buck converter
is developed. The control input is the duty cycle, which is a discrete-time variable and is altered
at the beginning of each switching period. Next, adaptive NN controller is utilized to obtain a
stable dc-dc converter.
Next, the renewable generator (RG) is modeled to behave as a synchronous generator
(SG) with similar dynamics where the dc-link capacitor acts as the energy storage similar to the
rotor of a SG. The GTI is equipped with an observer/controller that models the GTI similar to a
synchronous generator, and thus, makes available the utilization of excitation-like damping
controller that aims at stabilizing the inverter dc-link capacitor. Here, the proposed inverter
observer/controller is an improved version of a mechanism proposed by the authors in their past
work [4] that is able to employ a control signal from excitation-like mechanisms in order to
stabilize the GTI dc-link capacitor voltage.
Besides, the dc-dc converter is separately controlled by the proposed adaptive NN
discrete-time controller and decoupled from the GTI in this work. The NN controller employs a
novel update law that prevents the NN weight estimates from remaining large after the regulation
error becomes small, as opposed to conventional update laws [5],[6]. The performance of the
nonlinear discrete-time dc-dc converter controller is evaluated in simulation carried out in
Matlab/Simulink environment. The corresponding results have highlighted the effectiveness of
the proposed modeling and controller design in stabilizing PV generator output power as well as
the stability of the inverter dc-link voltage in the presence of the power system disturbances.
1.3

Background and Literature Review
Stability, protection, and operational restrictions in integration of distributed energy

sources, have been investigated extensively in the literature in both dc-dc and dc-ac parts using
2

different levels of simplifications and assumptions for modeling the components of the system
[7]-[20]. Most of these research works have assumed linear models and infinite-bus connection
[3]. The maximum power voltage (MPV)-based approaches have been developed in [2], [7], and
[8] but the dynamics of the dc-dc converter are not taken into account. The works of [9]-[13]
propose a dynamic model of solar dc-dc converter neglecting the converter input voltage
dynamics, which can affect the solar output power. In [14] a dynamical model for a buck
converter is described by the state equations and power system stability analysis has been
introduced using a linearized system model in the presence of the renewable energy sources.
However, this method implies that the states variations are in a small region around the operating
point. For a more accurate description the dc-dc converter is modeled in discrete-time [20],[21].
However, interaction of the inherently nonlinear solar cells with the dc-dc converter is not
investigated.
On the other hand, stability issues of power systems involving GTI controlled by droop
controllers has been the subject of several studies [15],[16] in which small-signal state-space
modeling and analysis of a micro grid are presented. In [16] the model was analyzed in terms of
the system eigenvalues and their sensitivity to different states where it is shown that the
dominant eigenvalues are caused by the droop controller. In [17]-[19] various dynamical models
of renewable energy sources and the interfacing power electronics are introduced. However, it is
always assumed that the renewable source is connected to an infinite bus, an assumption that is
not valid if the share of renewable energy sources is significant or the power system does not
have large amounts of stored energy. In this research a nonlinear discrete-time model for a buck
converter tied to a solar system is derived with unknown internal dynamics. Then, adaptive
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neural network (NN) controller is employed to enhance stability of dc-dc converter connected to
grid-tie inverter (GTI) in the presence of power system disturbances.
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CHAPTER 2
GRID-CONNECTED RENEWABLE SYSTEM
2.1 Introduction
In this chapter the solar power generation system is elaborated, which is comprised of
solar panels, a dc-dc buck converter, and a GTI interfacing the ac network.
2.2 Solar System Model
Solar power generation system comprised of solar panels, a dc-dc buck converter and a
GTI is depicted in Figure 1.

Figure 1 Solar power generation system
When a disturbance occurs in the power network the capacitors’ energies deviate from
their normal operating values due to the imbalance caused by the perturbation. If there is no
controller to mitigate the oscillations, the power system will face power oscillations and a
potential instability which prevents the system from returning to its normal operating states. The
disturbance affects the converter and GTI states as well as power network voltages and angles. In
order to diminish the oscillations and improve the system dynamics, the power electronics
interfaces consisting the dc-dc converter and the GTI need to be controlled through proper
modeling and control designs. In [4], the GTI is modeled as a synchronous generator with an
excitation-like control input. Thus, conventional synchronous generator control methods are
applicable to the GTI connecting renewable generator to the grid.
5

2.3 Grid-Tie Inverter
A large number of renewable energy systems (especially in distributed generation power
systems and micro grids) are connected to the main grid through a GTI that is shown in Figure 1.
As opposed to some conventional methods that assume an infinite bus when renewable
sources are considered [17]-[19], here a differential-algebraic model of the ac and dc components
of a GTI is presented in which the angle of inverter’s output voltage, the capacitor’s stored
energy and the associated controller dynamics will have equivalent dynamical behaviors as those
of a synchronous generator. Thus, all known control strategies for a multi-machine power system
with excitation control such as AVR (automatic voltage regulator), PSS and nonlinear controllers
can be utilized to control the renewable energy sources. This chapter is continued by a brief
introduction to synchronous generator equations and the GTI modeling and control. The detailed
modeling and control characteristics for the dc-dc part are stated in the next chapter.
In the two-axis model [4], synchronous generator dynamical equations are given as
  
1
  Pm  Pe 
M

x  xd
1  xd
  Eq  d
E q 
V cos(    )  E fd 
Td 0  xd
xd


(1)

x  x

1  xq
  Ed  q d V sin(   ) 
E d 


Tq0  xd
xd

1
E fd 
VR  K E E fd
TE





where  is the error in the rotor angle of the machine,  is the difference between the generator
angular speed and synchronous speed  o , Pm and Pe are the mechanical power and active load
of the generator, respectively, M  2H / o is the generator inertia, E q and Ed are generator’s
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q- and d-axis flux [4], E fd is the field voltage, and V and  are the generator bus voltage and
phase angle, respectively. The generator electrical power can be calculated [4] as
Pei 

1
x d'



V E q sin(   )  E d cos(   )



(2)

where B  xd 1 is the generator transient admittance. The bus voltages and phase angles are
constrained by the nonlinear algebraic power balance equations.
2.4 Grid-Tie Inverter Model/Observer
The differential equation of the capacitor voltage driven by power balance equation in
GTI dc-link (Figure 1) is given by
Cout vout

dvout
 Ps  Pe
dt

(3)

where Pe  vin VB sin(   ) , vin denotes the inverter output voltage, Ps is the solar power
injected to the capacitor,  is the inverter ac voltage angle with respect to the grid’s slack bus
reference, and V and 

represent the voltage and phase angle of the bus connected to the

inverter with the reactance B (Figure 1.) The input power Ps is assumed to be provided by a
renewable energy source connected to the dc-link. Inverter gain k in and the GTI’s ac voltage
angle  are two control parameters that can be tuned to control the GTI’s voltage and power.
That is, the inverter ac voltage magnitude vin (a function of k in ) and angle  can be altered to
adjust the GTI’s power. Voltage conversion relationship in the inverter is given as
vin  kin vout .

(4)

The GTI’s output power can be controlled in response to the extra power stored in the dclink capacitor through the control of the GTI’s voltage phase angle; i.e.,
7

  

(5)

where auxiliary variable  is defined to satisfy

1
vout vout   
(Ps  Pe ) .
Cout

(6)

In other words, angle  is defined as a new state variable that acts in a manner similar to
angle  in the SG; that is, it varies with changes in the capacitor’s stored energy.
Equations (5) and (6) when compared with dynamics (1) suggest that the GTI resemble a
synchronous generator with rotor angle  and rotor speed  that can be calculated as
  (vout2  vouto2 ) 2

(7)

using (6) with vouto being the steady-state value of the capacitor voltage. In the RG, capacitance

Cout plays the role of machine inertia M; that is, its higher size reduces the oscillations and
contributes to an enhanced dynamic stability. In the SG, the output electric power can be
represented in terms of E q and E d according to (2). In order to attain similarity to the SG, two

 allowing the inverter output power to be
 and E dr
new auxiliary parameters are defined as E qr
represented as
Pe 



1
 sin(   )  E dr
 cos(   )
E qr

x dr



(8)

where parameter xdr
 is a RG design parameter. This power needs to represent the GTI output
power and be equal to
Pe  vin VB sin(   )

(9)

i.e., Pe  Pe . From (8) and (9) the GTI desired ac voltage vin can be written as
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 sin(   )  Edr
 cos(   )
Eqr
 B sin(    )
xdr

vin 

(10)

which maintains GTI output power. As only a portion of the total delivered power usually
fluctuates in the transients, term sin(    ) does not approach zero and thus no excessive vin is
expected from this model.
Finally, according to (4) gain k in can be tuned to adjust the GTI output voltage such that

kin 

vin
.
vout

(11)

Adjusting gain k in according to (11) allows the GTI to deliver the power governed by (8).
According to (1), E q and E d in SG vary with the excitation voltage E fd . By applying a similar
relationship a new state variable for RG can be defined, namely E fdr , as

( x  x )
1  xdr
 
 
  dr dr V cos(   )  E fdr 
E qr
Eqr


Td 0r  xdr
xdr


(12)

which plays a similar role to E fd in SG where parameters xdr and Td 0 r are RG design
parameters and need to be chosen for each RG as opposed to those of SG that are machine
parameters and fixed.

 can be defined similar to that of the SG which
In a RG two-axis-like modeling, E dr
along with equations (5) through (12) forms the dynamics

  
1
 
(Ps  Pe )
Cout

(13)


( x  x )
1  xdr
 
 
  dr dr V cos(   )  E fdr 
E qr
Eqr


Td 0r  xdr
xdr
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(x  x )

1  xqr
 
 
  qr dr V sin(    ) 
Edr
Edr


Tq0r  xdr
xdr




1
E fdr 
VRr  KEr E fdr
TEr



where xqr and Tq 0 r are RG design parameters and VRr is the applied voltage to the RG
imaginary excitation system and can be controlled by any of the known SG control methods.
Through the synthesized states and input VRr , an AVR-like mechanism, which takes the GTI’s
capacitor voltage error as input, can be applied to the RG. As mentioned before, the inverter gain
( k in ) and ac voltage angle (  ) are the control inputs for the GTI and alter its output voltage and
power.
2.5 Renewable Generator Stabilizers
Now the renewable source can be considered as an imaginary synchronous generator and
will behave similarly. Next, conventional control strategies for a synchronous generator system
can be utilized for this system. Among those methods, AVR+PSS is adopted in this research.
The AVR mechanism is depicted in Figure 2 which can be realized for both SGs and RGs
and can incorporate a stabilizing signal from a PSS. For GTI, feedbacks from the output power

Figure 2 Automatic voltage regulator (AVR) applied to SGs and RGs.
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and/or dc-link capacitor voltage provide the PSS with the required stored energy changes and/or
delivered power signals.
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CHAPTER 3
CONVERTER DISCRETE-TIME CONTROLLER
3.1 Introduction
Usually the maximum power point tracking (MPPT) is desirable for the photovoltaic
system steady-state operation. However, without an appropriate controller maximum power point
can behave unstably when power oscillations occur in the perturbed power system due to a
decrease in generated power when terminal voltage drops as a result of increase in the output
power. Yet, regardless of the operating point, the PV terminal voltage can be stabilized and
maintained constant by adjusting the duty cycle of the dc-dc converter through a proper
stabilizing controller during the moments of power fluctuations caused by disturbances.
3.2 Converter Discrete-Time Model
A typical PV generator with the associated dc-dc buck converter is demonstrated in
Figure 3. In order to maintain a constant flow of power to dc-link capacitor Cout considering the
capacitor voltage fluctuations during disturbances, the duty ratio d of the dc-dc converter needs
to be adjusted, dynamically.

Figure 3 MPPT and dc-dc buck converter control system.
12

The set point for capacitor Cin voltage, namely v in, set is indicated by the MPPT block.
Any instantaneous change in the voltage of the GTI dc-link capacitor Cout ( v out ) requires the
converter duty ratio d adjustment by the controller in such a way that the capacitor Cin input
power ( Pin ) remains constant. This task can be accomplished by retaining constant voltage at Cin
( vin ) via duty cycle (d) controller.
In the rest of this section a nonlinear discrete-time model for the solar-system-connected
buck converter is presented assuming a fixed sampling period T. Signal d, the duty cycle, is a
discrete-time control signal and is updated at the beginning of the sampling time. The state
variables are the buck converter input capacitor voltage vin and the inductance current i L
(Figure 3) The state variables values vin (kT ) and iL (kT ) , and the output voltage vout (kT ) are
sampled at the beginning of the switching period T as shown in Figure 4 where k is the sampling
index.

Figure 4 Switching cycle.
The buck converter is assumed to operate in continuous-current mode (CCM.) The
photovoltaic array output current iin (kT ) (shown in Figure 3) is a function of solar output
voltage vin (kT ) in the form of [1]

13

i in (kT)  n p I s  n p Io (evin (kT)

ns VT

1)

(14)

where n p and n s are numbers of the parallel and series arrays forming the PV generator,
respectively, VT is thermal voltage, I s is the light-generated current and I o denotes the reverse
saturation current [1].
In order to calculate vin at t  ( k  1) T the solar current iin can be approximated by its
value in the beginning of the switching time ( iin (kT ) ) and the switch current isw , can be
estimated by its average value ( d iL (kT ) ) during a switching interval. Also, to calculate

iL ((k  1)T ) , the solar diode voltage vd and the output voltage vout are approximated by
d vin (kT ) and vout (kT ) , respectively, over the sampling period and are updated at the end of
the period T . Therefore, the system can be described by a set of state-space equations
vin ((k  1)T ) 

T
[iin (kT)  d iL (kT)]  vin (kT)
Cin

(15)

T
iL ((k  1)T )  [d vin (kT)  vout (kT)]  iL (kT)
L

(16)

where L and Cin are the converter inductance and input capacitor values, respectively, and the
photovoltaic array output current iin (kT ) is a nonlinear function of vin (kT ) as given in (14).
From now on, the switching time T is removed from time index for simplicity; for
instance, vin (kT ) is shown by vin (k ) .
3.3 Solar Power Converter Discrete-Time Control Design
The discrete-time model ((15) and (16)) can be controlled by selecting a proper control
input d. Here voltage vin is controlled whose dynamical equation can be written in the general
form
14

x1 (( k  1)T )  f ( x ( kT ))  g ( x ( kT )) u k
where

(17)

x (kT )  [ x1 (kT ) x2 (kT )]T  [vin (kT ) iL (kT )]T ,

f ( x (kT )) 

uk  d

is

the

control

input,

T
T
i (kT) is the control gain. Note that f and g
iin (kT )  vin (kT ) and g(x (kT)) 
Cin L
Cin

are unknown due to degradation of the converter capacitor Cin and variation in the solar panel
characteristics. Thus, here an adaptive NN controller is utilized to overcome the unknown
dynamics. Define the tracking error as

z (kT )  x1 (kT )  x1d (kT ) .

(18)

Assumption 1: The input gain g ( x(kT )) is bounded away from zero and is bounded
above in a compact set  . Without loss of generality, we assume that it satisfies

0  g min  g ( x(kT ))  g max .

(19)

In  where g min and g max are positive real constants. Next the controller development is
introduced.
In this section, a NN controller that employs the tracking error, NN function
approximation capability, and a novel NN weight estimate tuning scheme is developed. The
stability criterion is then elaborated to show the stability of the tracking error as well as NN
weight estimates.
By using (17) and (18) the tracking error dynamic can be written as
 f ( x ( kT ))  x1d (( k  1)T )

z (( k  1)T )  g ( x ( kT ))
 u  .
g ( x ( kT ))



(20)

The ideal stabilizing control input can be defined as u  u  ud  K z (kT ) where

ud   g ( x (kT )) 1  f ( x (kT ))  x1d ((k  1)T )  with x1d ((k  1)T ) being the future value of the
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desired trajectory x1d ( kT ) . This results in asymptotically stable dynamics in terms of the
tracking error z ((k  1)T )  K z (kT ) with K  1 being a positive design constant. However, in
practical applications u d is unavailable since the internal dynamics f ( x(kT )) and control gain
matrix g ( x(kT )) are unknown. Thus, we employ NN function approximation property to
approximate u d as
ud   g ( x(kT )) 1  f ( x(kT ))  x1d ((k  1)T )   W T  ( x, x1d ((k  1)T ))  

(21)

where W is the target NN weight matrix,  (.) is the activation function and  is the NN
function approximation error. This error can be made small by increasing the number of NN
hidden-layer neurons [22] and is ignored in this work for simplicity. In practice, the target
weights W is not available and only an estimation of the NN weights is available. Thus, u d is
approximated as û d by using a NN to get u as

u  uˆ d  Kz ( kT )  Wˆ T  ( x , x1d (( k  1)T )  Kz ( kT )

(22)

where Ŵ T is the NN weight estimation matrix.
~
Now define the weight estimation error as W  Wˆ  W . By using (22) tracking error (18)

dynamics become



z (( k  1)T )  f ( x ( kT ))  xd (( k  1)T )  g ( x ( kT )) Wˆ T   Kz  u d  u d





~
 g ( x ( kT )) W T   Kz .


(23)

Next define the NN weight update law as
Wˆ (( k  1)T )  cWˆ ( kT )  c 1 z (( k  1)T )

(24)

where c  1 is a positive design constant. By subtracting the target weights from (24), we have
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~
~
W ((k  1)T )  cW ( kT )  c 1 z ((k  1)T )  (1  c )W .

(25)

The presence of the parameter c  1 in the above update law (24) prevents the NN
weight estimates from remaining large after the regulation error becomes small, as opposed to
conventional update laws [16],[5] where c  1 .
3.4 Stability Analysis
In this part we present the stability of the nonlinear discrete-time system (17) and the NN
~
weights where the tracking error z (kT ) and weight estimation error W (kT ) are bounded in the

presence of unknown internal dynamics f ( x (kT )) and control gain matrix g ( x ( kT )) .
Definition. (Uniform Ultimate Bounded (UUB)). Consider the dynamical system

x ( k  1)  f ( x ) with x   n being a state vector. Let the initial time step be k 0 and initial
condition be x0  x ( k 0 ) . Then, the equilibrium point x e is said to be UUB if there exists a
compact set S  

n

so that for all x 0  S there exists a bound B and a time step K ( B , x0 )

such that x ( k )  x e  B for  k  k 0  K .
Definition. (Lyapunov Stability) Consider a function L( x) : R n  R such that

d
L(0)  0 , L( x)  0 (positive definite) and L ( x)  L( x)  0 (negative definite) ; equality
dt
happens if and only if x  0 . Then L(x) is called a Lyapunov function candidate and the
system is asymptotically stable in the sense of Lyapunov.

~

The following theorem guaranties boundedness of the weight estimation errors W (kT )
and the tracking errors z (kT ) . Next the following theorem can be stated.
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Theorem 1 (NN State Feedback Controller Stability): Consider the nonlinear discretetime system given by (17). Let the Assumptions 1 hold and the desired trajectory x1d and initial
conditions for system (17) be bounded in the compact set  . Let the unknown nonlinearities be
approximated by a NN whose weight update is provided by (24). Then there exist a control gain
K associated with the given control inputs (22) such that the tracking error z (kT ) as well as the

~

NN weight estimation error W are UUB.
Proof. Define the overall Lyapunov function candidate
L r (k ) 

z 2 (k )
g ( x(k  1))

L  LW  Lr ,

where

and LW (k )  1 W~ T (k )W~ (k ) . Then, the first difference of the Lyapunov


function due to the first term becomes

Lr 

z 2 (k  1)
z 2 (k )
.

g ( x(k )) g ( x(k  1))

(26)

Substituting the tracking error (23) into (26) and expanding the terms, we obtain
z 2 (k ) .
~
 L r  g (k ) (W T  ( x)  Kz) 2 
g (k  1)

(27)

Next, by using (15), the first difference due to the second term in the overall Lyapunov function
candidate is obtained as
 LW 

1
~
c W(k)  c 1  z(k  1)  (1  c)W


2



1 ~T
~
W (k)W(k) .


(28)

Expanding the first difference of the overall Lyapunov function candidate L  Lr  LW by
using (26) and (27) to get

 LW 

1


~
c W (k )  c 1  z (k  1)  (1  c) W
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2



1 ~T
~
W (k ) W (k )


~ ~
L  g (k )  T W W

~
  g ( k ) K 2 z 2  2 g ( k )W

T



c2 ~ T ~
W (k)W (k)   c




1
1 c2 W 2  2W~T (k)  g(x (k)) W~T  (x )  Kz


~
 T  g(x (k)) WT  (x)  Kz



 Kz 







2

T

z 2 (k )
g ( k  1)

2







(29)





1~
~ c (1 c)
~
~
2 W
W  2WT (1 c)c 1 g(x (k)) WT  (x)  Kz  W T (k)W(k).


Applying the Cauchy-Schwarz inequality ( a1  a 2    a n ) 2  n (a12  a 2 2    a n 2 ) and

~T T ~
~~
 T WW T   W  W , yields
L 



1
1 c


2 W

2



c (1  c )


W

2

 2  g ( k )  g i ( k ) 2  4(1  ci )ci 1 g i ( k ) 2 



2
K
  4 c 2  g ( k ) 2






 g (k )  4(1  c )c

1

g (k ) 2  4 c

2

1

 (1  c )c

2

z

2



W

2



2

z 2 (k ) 1  c ~

W
g ( k  1)


T

~
( k )W ( k )



~
~
2
 g (k ) 2 W T (k )   T W (k ) .

(30)

Thus, (30) becomes

L 



1
1 c


2

2

W



c (1  c )


W

2

 (1  c )c

 2  g ( k )  g i ( k ) 2  4(1  ci )ci 1 g i ( k ) 2 



2
K

2
  4 c

 g (k ) 2
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where
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Therefore,  L  0 in (16) provided the following conditions
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~
This guaranties the boundedness of the weight estimation errors, W
(kT) , and shows that the

tracking errors z (kT ) are UUB.
Hence the Lyapunov stability analysis shows that the proposed NN controller guarantees
that the closed-loop signals are UUB with the bounds given by (32). In order to guarantee the
UUB results with small bound, the bound C must be reduced. This can be achieved if the
constant c is selected to be close to one, whereas K and  are selected to be small positive
constants which, in turn, causes the stability bounds (32) to decrease.
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CHAPTER 4
SIMULATION RESULTS
4.1 Introduction
In order to confirm the theoretical analysis and control design, the solar power generation
system is tested in the Matlab Simulink environment. The solar system shown in Figure 1 is
connected to a three phase load.
4.2 System Parameters
The model introduced in chapter 2 is now utilized to design damping controller for the
inverter. An AVR+PSS mechanism is used to control the terminal voltage using the feedback
from the inverter terminal voltage. This mechanism is depicted in Figure 2 which resembles the
AVR in the synchronous generators.
As discussed in chapter 2, E fdr controls the inverter gain k in which is comparable to the
effect of excitation E fd on Eq in the generators. Block GAr (s) is a PI controller and the Filter
block in Figure 2 providing E fdr has the following function that was mentioned in (13)





1
E fdr 
VRr  KEr E fdr .
TEr

(33)

In addition, other controllers can be incorporated through feedbacks from the output
power or capacitor dc voltage through the “Additional Control Signal” block. Here, the
additional control signal is a PSS-like mechanism that receives feedback from the mentioned
variables.
The inverter gain ( k in ) and the angle of inverter voltage (  ) are tuned to satisfy
equations (4) and (5) and a PSS is utilized in the renewable generator controller. According to
(13), the size of the capacitor plays the role of moment of inertia (M), and thus, it acts as energy
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  0.06 , x dr  0.2 , x qr  0.19 , Td 0 r  7 ,
storage. The renewable generator data are given as x dr
K Er  1 , T Er  0.75 and H   s M 2  5 p.u. The AVR is defined by G Ar ( s )  80 (1  .01s ) ,

K Fr  0.03 and TFr  10 .The speed signal input to the PSS is provided by the state  from the
observer. Also, L  600  H , Cin  Cout  1000 F the operational frequency of the converter is
set to T  10 kHz and the load is a three-phase resistive load with R  6  on each phase in
steady state condition. The solar module is designed to generate its maximum power

Ps,mpp  1146 W when its voltage is set to vin,mpp  121 V .
The control objective is to damp the converter capacitor voltage error caused by the
disturbance besides maintaining the solar power constant after a disturbance or load change. In
order to evaluate the effectiveness of the controller, the three phase load changes from R  6 
to R  5.3  on each phase at t  1.4 s . In Figures 5 to 14 the efficiency of the proposed
converter modeling and control is compared with the case in which the converter works with a
constant duty cycle without any control. The PV array can operate under lower or higher voltage
than the MPP voltage. In the results of Figures 5 through 9 the solar voltage is slightly less than
the MPP voltage, and for Figures 10 through 14 the solar array operates at a higher voltage than
the MPP voltage. In both cases the solar source provides a constant power to the GTI during the
transients by using the proposed dc-dc converter controller.
4.3 Solar Voltage Less than MPP Voltage
In this case the solar operating voltage is vin, set  116 V . After the load change, the
controller adjusts the converter duty cycle during a transient interval, in order to maintain the
converter input voltage at its set point vin ,set  116 V (Figure 6) resulting in constant converter
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power (Figure 5); whereas, in the constant duty cycle scenario these values do not remain
constant after the load change and the PV generator will operate at a different operating point.
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Figure 5 Converter input power, dashed: without controller, solid: with controller; solar voltage
is less than MPP voltage.
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Figure 6 Converter input voltage vin , dashed: without controller, solid: with controller; solar
voltage is less than MPP voltage.
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Figure 7 Converter output voltage vout , dashed: without controller, solid: with controller; solar
voltage is less than MPP voltage.
Furthermore, the converter output voltage vout changes with faster transients as shown in
Figure 7. The converter inductor current iL and solar input current iin are depicted in Figures 8
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and 9, respectively. The fast and accurate operation of the controller shows its effectiveness and
implies that the converter power and input voltage are well retained at their desired set points.
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Figure 8 Converter inductor current i L , dashed: without controller, solid: with controller; Solar
voltage is higher than MPP voltage.
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Figure 9 Solar output current iin , dashed: without controller, solid: with controller; solar voltage
is higher than MPP voltage.
4.4 Solar Voltage Higher than MPP Voltage
In the second test the solar operating voltage is vin , set  131 V . As Figure 10 shows, in
constant duty cycle condition, the load change causes power change, while the controller adjusts
the duty cycle value to the new load condition to maintain the converter power and voltage
constant.
The results imply that the controller mitigates oscillations caused by load change faster
and presents a significantly better transient response than the system without controller.
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Moreover, the proposed controller does not require any data about the new load condition and
adjusts the duty cycle according to the desired input voltage and power; whereas, for the system
without controller the duty cycle value must be estimated accurately based on load awareness.
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Figure 10 Converter input power, dashed: without controller, solid: with controller; solar voltage
is higher than MPP voltage.
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Figure 11 Converter input voltage vin , dashed: without controller, solid: with controller; solar
voltage is higher than MPP voltage.
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Figure 12 Converter output voltage vout dashed: without controller, solid: with controller; solar
voltage is higher than MPP voltage.
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Figure 13 Converter inductor current i L , dashed: without controller, solid: with controller; solar
voltage is higher than MPP voltage.
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Figure 14 Solar output current iin , dashed: without controller, solid: with controller; solar
voltage is higher than MPP voltage.
4.5 Input Voltage Adjustment to Load Change
When the load experiences a change the controller is expected to adjust the to the new
load level to maintain the constant input voltage for the converter. In order to show the ability of
the controller to automatically adjust to different operating points, the load level has been altered.
Load set to R  5.3 on each branch changes to R  4.6 at t=1.4s, increases to R  6 at
t=1.8, and goes back to R  5.3 at t=2.2s. The results are depicted in Figures 15 to 19 compare
the proposed controller performance with the case in which the duty cycle is constant for each
value of load. The new duty cycle value for each amount of load must be adjusted to maintain
the converter power constant. The results imply that the controller mitigates oscillations caused
by load change faster and presents a significantly better transient response than the system
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without controller. Moreover, the proposed controller does not require any data about the new
load condition and adjusts the duty cycle according to the desired input voltage and power;
whereas, for the system without controller the new duty cycle value must be estimated accurately
based on new load awareness.
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Figure 15 Converter input power adjustment to load change, dashed: without controller, solid:
with controller; solar voltage is higher than MPP voltage.
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Figure 16 Converter input voltage vin adjustment to load change, dashed: without controller,
solid: with controller; solar voltage is higher than MPP voltage.
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Figure 17 Converter output voltage vout adjustment to load change dashed: without controller,
solid: with controller; solar voltage is higher than MPP voltage.
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Figure 18 Converter inductor current i L adjustment to load change, dashed: without controller,
solid: with controller; solar voltage is higher than MPP voltage.
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Figure 19 Solar output current iin adjustment to load change, dashed: without controller, solid:
with controller; solar voltage is higher than MPP voltage.
Overall, the simulation results show a good control performance provided by the
proposed adaptive NN controller and stability of the interconnected dc grid is verified.
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CHAPTER 5
CONCLUSIONS AND FUTURE WORK
5.1 Conclusions
In this research the power system contained synchronous and renewable generators is
investigated. a GTI is used to interface the renewable energy source to the grid in order to control
the delivered power. In order to adjust the operating point of the PV generator, a dc-dc converter
is incorporated to the system as an interface between the solar array and the GTI connecting the
solar array to the power network. A nonlinear discrete-time model of a photovoltaic-connected
buck converter and its stabilizing controller design is presented. The interaction of the solar array
dc-dc converter with the GTI is addressed. Simulation results show improved performance and
stability of the proposed converter discrete-time controller over the conventional methods in the
presence of the power system disturbance. The theoretical conjectures and simulation results of
the controller imply that the converter input voltage and power as well as the inductor current are
stabilized desirably at their initial set points, which verifies the accuracy of the converter
discrete-time model and the effectiveness of the proposed discrete-time controller.
5.2 Recommendation of Future Work
The following recommendations are made for possible future research:


Discrete-time adaptive neural network is a relatively new topic in the power system stability
and control and hence further research can be made to improve its efficiency and
effectiveness.



The system model can be developed to a more general distributed generation system where
other renewable or synchronous generators all are interconnected. In this case each system is
influenced by other subsystem’s states and a more general control method is necessary.
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The solar system connected dc-dc converter can be modeled in a dc distribution system with
interconnected subsystems working in high penetration of renewable generation.
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